Background {#Sec1}
==========

*Fusarium* ear rot (FER) is a common disease of maize (*Zea mays* L.), which reduces grain yield and quality worldwide. The fungus *Fusarium verticillioides* (Sacc.) Nirenberg is the primary causal agent of FER, particularly in Southern Europe \[[@CR1], [@CR2]\] and in the United States \[[@CR3]\]. This pathogen is the major producer in the grains of fumonisin mycotoxins, including fumonisin B1 (FB1). Fumonisins were classified as probable carcinogens, because of their suspected involvement in esophageal cancer and neural tube birth defects in humans, whilst in livestock they cause equine leukoencephalomalacia, porcine pulmonary edema, poultry reduced growth and hepatic and immune disorders in cattle \[[@CR1], [@CR2]\]. The European Union established fumonisin content thresholds of 4,000 ppb in non-processed corn, and 1,000 ppb for corn intended for direct human consumption \[[@CR4]\], which were frequently overcome in years favorable for the pathogen. In a 3-years study (2009--2011), fumonisin contamination was detected in 90% of Southern European corn samples, with an average level of 2,200 ppb and a maximum level greater than 11,000 ppb \[[@CR5]\].

Agronomic practices for fumonisin content reduction are ineffective when conditions for fungal growth are optimal \[[@CR6]\]. Therefore, breeding for resistance to fumonisin contamination emerged as the most economic and environmentally safe strategy \[[@CR7]\], and many studies focused on the search for resistance \[[@CR8]--[@CR13]\]. These studies demonstrated that genetic variation for resistance to FER and fumonisin contamination exists among inbred lines and hybrids, but there is no evidence of complete resistance to the pathogen. Despite moderate phenotypic correlations (*r* = 0.40--0.64), genotypic correlations between the two traits were high (*r* = 0.87--0.96), confirming that selection against ear rot implies the choice of genotypes with lower fumonisin contamination \[[@CR14]\].

Quantitative Trait Locus (QTL) mapping studies in maize indicated that *Fusarium* resistance and fumonisin contamination are quantitative traits determined by small effect polygenes \[[@CR15]--[@CR18]\]. Perez-Brito and colleagues \[[@CR15]\] identified 16 QTLs for FER resistance in two F~2:3~ populations sharing the same susceptible parent, explaining in total 11--44% of the phenotypic variation, but only three QTLs were consistent across populations. Robertson-Hoyt and coworkers \[[@CR16]\] identified higher effect QTLs, explaining in total 31 and 47% of the phenotypic variation for FER resistance and 67 and 81% for fumonisin concentration in two independent segregating populations, respectively. These QTLs were partially consistent across populations and mapped in similar positions for both traits \[[@CR16]\]. Heritability was estimated in the range 0.47--0.80 for FER resistance and 0.75--0.86 for fumonisin contamination depending on the population \[[@CR14]\]. Ding and colleagues \[[@CR17]\] carried out QTL mapping of FER resistance on a recombinant inbred line (RIL) population in different environments, detecting significant epistatic effects on FER and interactions between mapped loci and environments. Recently, a QTL for FER resistance affecting around 18% of the phenotypic variation was discovered on chromosome 4 and introgressed into Near Isogenic Lines, accounting for up to 35% of the phenotypic effect when in homozygosity \[[@CR18]\].

The complex genetic bases of these traits and the strong influence of environmental factors hinder accurate QTL localization and effect estimates, therefore reducing the efficiency of marker assisted selection (MAS) \[[@CR16]\]. Such limitations may be overcome by increasing population size and the number of markers used, improving ear rot phenotyping protocols and integrating data from multiple environments \[[@CR19]\]. In particular previous QTL mapping studies on these traits were based on maps containing few hundreds restriction fragment length polymorphisms (RFLP; \[[@CR15]\]) and single sequence repeat (SSR) markers \[[@CR16]--[@CR18]\]. In recent years, Single Nucleotide Polymorphisms (SNPs) have become the preferred genotyping system for genetic studies being the cheapest and the most abundant markers in a genome \[[@CR20]\], e.g., 1 SNP/100 bp in maize \[[@CR21]\]. With the advent of the Next Generation Sequencing technologies, SNP markers have shown their full potentiality with novel approaches combing SNP discovery and genotyping. For example, Elshire and coworkers \[[@CR22]\] have developed a simple technique, called Genotyping-by-Sequencing (GBS), in which multiplexed libraries based on the reduction of genome complexity through restriction with enzymes are constructed to preferentially target sequences in low copy genomic regions, minimizing reads in repetitive regions that are frequent in maize \[[@CR23]\]. GBS has been applied for population studies, germplasm characterization, breeding and trait mapping in a number of plant species, including maize, barley, wheat, soybean, switchgrass and rice \[[@CR24]--[@CR28]\]. Two recent genome-wide association studies were performed in maize to detect allele variants associated with increased resistance to FER, resulting in three SNPs with significant effects on chromosome 1, 5 and 9 \[[@CR29]\] and seven SNPs on chromosomes 4, 5 and 9 \[[@CR30]\].

The aim of this work was the mapping of QTLs and identification of candidate genes for FER resistance and reduced FB1 contamination in a F~2:3~ progeny, derived from the cross between a resistant (CO441) and a susceptible (CO354) commercial maize line previously used for molecular characterization of response to *Fusarium* \[[@CR31]--[@CR35]\]. Phenotypic evaluation in two different sowing times for two consecutive years was carried out in order to take into account the variation due to environmental effects. Among the multitude of published inoculation methods, the toothpick (inoculation with mycelium) and the side-needle techniques (inoculation with conidia) were chosen to phenotype the population, since the former is known for its greater aggressiveness and the latter mimics natural infection \[[@CR36]\]. SNPs, derived by GBS, and SSR markers were used to build a linkage map as a basis for detection of QTLs for FER and FB1 contamination in maize. Finally, candidate genes for resistance to the pathogen are proposed based on integration of QTL analysis results with transcriptomic data, previously obtained on the two parents artificially inoculated with *F. verticillioides* \[[@CR34]\].

Results {#Sec2}
=======

Disease development and weather conditions during flowering and post-inoculation periods {#Sec3}
----------------------------------------------------------------------------------------

The F~2:3~ population (CO441xCO354) was phenotyped in 2011 and 2012 and in an early (A) and late (B) sowing date for each phenotyping year.

Weather conditions during two periods of maize development, flowering and kernel drying, are critical for fumonisin contamination of the kernels \[[@CR2]\]. The weekly means of maximum and minimum temperatures, maximum and minimum relative humidity and rainfall occurring in the experimental field in 2011 and 2012 from flowering until harvest are reported in Additional file [1](#MOESM1){ref-type="media"}: Figure S1.

The temperatures and relative humidity differed significantly in the period between flowering and harvest of 2011 and 2012, according to Kruskal-Wallis test (*P \<* 0.05). In particular, during the flowering period, significantly higher temperatures occurred in 2012A and B, with median values of maximum temperature of 32.8 and 31.6 °C, respectively, in comparison to 2011A (median = 29.6 °C) and 2011B (median = 28.4 °C). Moreover, maximum relative humidity was significantly lower in 2012, with median values of 75% (2012A), 72% (2012B), 81% (2011A) and 88% (2011B). No significant changes in minimum relative humidity and rainfall were found between the four sowing times.

In the post-inoculation period, relative humidity was significantly lower in 2012, with the maximum and minimum values of 73 and 31% (2012A), of 74 and 31% (2012B), of 87 and 36% (2011A) and of 87 and 36% (2011B), respectively. Maximum temperatures were significantly higher in 2012, with median values higher than 32 °C, whilst in 2011 they were lower than 30 °C. The minimum temperatures and rainfall did not significantly differ in the four sowing times.

The higher temperatures and the lower humidity of 2012 affected disease development, since the population mean in 2011 ranged from 3.3 to 3.6 for FER severity and from 45 to 60 ppm for FB1 contamination, and higher mean values were reached in 2012 for both traits (3.2--4.2 and 37--68 ppm, respectively).

Phenotypic analysis for FER severity and FB1 contamination {#Sec4}
----------------------------------------------------------

The CO441 and CO354 parents and the 188 F~3~ progenies were visually scored for FER severity and the phenotypic variation between parents is shown in Fig. [1](#Fig1){ref-type="fig"}. Ears infected with either the toothpick (T) or the side-needle (F) method in early (A) and late sowing (B) of 2011 and 2012 were then pooled and FB1 content was estimated by Near-Infrared Spectroscopy (NIRS).Fig. 1Phenotypic variation in *Fusarium* ear rot severity at harvest among the parental lines in artificially inoculated ears with *F. verticillioides*. The resistant CO441 is represented by the two ears on the left (**a**) and the susceptible CO354 by the two ears on the right (**b**)

The distributions of FER and FB1 traits in the F~3~ population are shown in Fig. [2](#Fig2){ref-type="fig"}. The Shapiro-Wilk test showed that none of the traits were normally distributed (*P \<* 0.01) and they exhibited positive skewness with a leptokurtic pattern in most cases (Fig. [2](#Fig2){ref-type="fig"}). Positive skewness for FER scores was due to the high frequencies of 3^rd^ and 4^th^ classes (4--10 and 11--25% of infection on the ear, respectively), and the high frequency of low-contaminated samples (\<50 ppm) for FB1 contamination. Transgressive segregation was observed for both FER and FB1 in both years of analysis and sowing times (Fig. [2](#Fig2){ref-type="fig"}): several families showed higher and lower levels of FER severity and FB1 contamination compared to the parents and some were consistent across years, inoculation methods and sowing times (data not shown).Fig. 2Distributions of F~3~ progenies for *Fusarium* ear rot severity (*light grey*) and fumonisin B1 contamination (*dark grey*) in early (A) and late (B) sowings in 2011 and 2012 with the side-needle (F) and toothpick (T) inoculation methods and normal distribution curve. The classes related to CO441 and CO354 parent values are indicated with R (resistant) and S (susceptible), respectively. X-axis for FER severity represents the 1--7 classes of infection of the ear. X-axis for FB1 contamination represents the mycotoxin content measured by NIR spectroscopy and expressed in ppm

A summary of FER scores and FB1 contents observed in the 2 years for F~3~ families and parents is shown in Additional file [2](#MOESM2){ref-type="media"}: Table S1. The CO441 parent showed in all conditions lower disease severity and fumonisin content (FER and FB1 mean values of 1.0--2.8 and of 7--40 ppm, respectively) compared to the CO354 parent (FER and FB1 mean values of 4.0--6.4 and of 47--116 ppm, respectively). The mean of the two traits in the population was always located between the values of the two parents, except for FB1 T in 2012 A and B. Friedman test revealed significant (*P \<* 0.001) differences among groups determined by the inoculation technique, sowing time and year for both FER and FB1 traits (Additional file [2](#MOESM2){ref-type="media"}: Table S1). In particular, the medians for FER of the population inoculated with the toothpick appeared significantly (*P \<* 0.05) lower compared to the side-needle method, according to Wilkoxon signed-rank test with Bonferroni correction. No significant differences in the FER mean-ranks were detected in 2011A, 2011B and 2012A, whilst the highest infection levels were associated to 2012B. In contrast, Wilkoxon signed-rank test results for FB1 contamination indicated that the two different inoculation techniques did not significantly affect fumonisin content in 2011, but in 2012 the side-needle inoculation produced a lower level of contamination in both sowing times. In agreement with results for FER, 2012B samples showed significantly higher contamination (Additional file [2](#MOESM2){ref-type="media"}: Table S1).

Pearson's correlation coefficients between phenotypic traits, inoculation methods, sowing dates and years are shown in Table [1](#Tab1){ref-type="table"}. Regarding the relations between traits within the same sowing date and same inoculation method, significant positive correlations (*P \<* 0.01) were detected between FER and FB1 contamination, ranging from 0.72 (F_2012B and T_2012A) to 0.81 (T_2011B) (Table [1I](#Tab1){ref-type="table"}). The correlation between the inoculation techniques (F and T), within the same sowing time, was more consistent for FER (*r* = 0.58--0.77, *P \<* 0.01) than for FB1 contamination (*r* = 0.48--0.59) (Table [1I](#Tab1){ref-type="table"}). Correlations in different sowing times, within the same year, were low (*r* = 0.35--0.50, *P \<* 0.01) (Table [1](#Tab1){ref-type="table"}II). In addition, correlation between different years appeared low (*r* = 0.31--0.57, *P \<* 0.01), indicating a seasonal influence on the outcome of *Fusarium* infection (Table 1II).Table 1Pearson's correlation coefficients between *Fusarium* ear rot severity (FER) and fumonisin B1 concentration (FB1) of F~3~ families, measured with two inoculation methods (F = side-needle and T = toothpick), in early (A) and late (B) sowings of 2011 and 2012. I. Correlation between traits within the same sowing time. II. Correlation between traits across different sowing times and different yearsIFB1 FFER TFB1 TFER F2011 A0.75\*\*0.73\*\*0.52\*\*2011 B0.79\*\*0.77\*\*0.59\*\*2012 A0.77\*\*0.62\*\*0.46\*\*2012 B0.72\*\*0.58\*\*0.51\*\*FB1 F2011 A0.58\*\*0.51\*\*2011 B0.58\*\*0.57\*\*2012 A0.58\*\*0.59\*\*2012 B0.49\*\*0.48\*\*FER T2011 A0.77\*\*2011 B0.81\*\*2012 A0.72\*\*2012 B0.78\*\*IICorrelation between sowingsCorrelation between yearstrait2011A-2011B2012A-2012B2011A-2012A2011A-2012B2011B-2012A2011B-2012BFER F0.38\*\*0.35\*\*0.36\*\*0.31\*\*0.48\*\*0.44\*\*FER T0.50\*\*0.42\*\*0.42\*\*0.33\*\*0.49\*\*0.46\*\*FB1 F0.40\*\*0.36\*\*0.47\*\*0.33\*\*0.47\*\*0.49\*\*FB1 T0.47\*\*0.47\*\*0.40\*\*0.32\*\*0.57\*\*0.45\*\*\*\* = significant at *P* \< 0.01

Beside FB1 content and FER severity, days from sowing to silking (DTS) were registered for each F~3~ family, in order to evaluate the possible correlation between resistance to *Fusarium* inoculation and earliness in flowering. DTS showed non-normal distributions (*P \<* 0.01) in 2011B, 2012A and 2012B, exhibiting positive skewness with a leptokurtic pattern (data not shown). Values ranged from 65 to 78 days in 2011A, 59--75 days in 2011B, 61--75 days in 2012A and 54--70 days in 2012B (Additional file [2](#MOESM2){ref-type="media"}: Table S1). The presence of transgressive segregants was recorded only in 2011A. A statistically significant difference in DTS depending on the year and sowing date was detected (Friedman test, *P \<* 0.001), with the highest value associated to 2011A (median = 70) and the lowest with 2012B (median = 60) (Additional file [2](#MOESM2){ref-type="media"}: Table S1).

The correlation between DTS and FER and FB1 accumulation traits were evaluated by Pearson's correlation coefficients (Additional file [3](#MOESM3){ref-type="media"}: Table S2). Significant (*P \<* 0.05) low positive correlations (*r* = 0.16--0.28) were found between DTS and FB1 contamination for all sowing dates, except for 2011A. Low positive correlations (*P \<* 0.01) between DTS and FER were detected only in 2011B (*r* = 0.25 (F), *r* = 0.29(T).

In conclusion, phenotypic data from the two inoculation methods in four different environments showed ample segregation for FER severity and FB1 content in the CO441xCO354 population, providing an ideal basis for genetic dissection of the resistance traits.

Genotyping, linkage map construction and QTL analyses {#Sec5}
-----------------------------------------------------

Screening of 369 SSR markers on the parents CO441 and CO354 resulted in identification of a set of 95 polymorphic markers, i.e., only 25.7% of screened SSRs were suitable for linkage analyses (Additional file [4](#MOESM4){ref-type="media"}: Table S3). To improve map density and QTL resolution, GBS was applied, providing on average 1,042,757 reads per sample, 717,272 and 699,275 reads for the CO441 and CO354 parents, respectively. Variant calling against the reference B73 genome yielded 16,236 sequence variants, including 13,292 SNPs and 963 INDELs, while the remaining 1,981 variations fell in the complex or multi nucleotide polymorphism (MNP) allelic variant type. Stringent selection criteria were used to select markers for final map construction taking into account the fact that genotyping data were obtained on two different generations (F~2~ individuals for SSR markers and F~2~-like pools of F~3~ individuals for GBS; see Materials and Methods section for details). This resulted in exclusion of a high proportion of markers. During map construction, a number of markers were excluded manually based on careful inspection of their map positions and comparison with the reference genome. Finally, 383 (342 SNPs and 41 SSRs) markers were included in the final linkage map covering 3168.91 cM with an average density of 8.40 cM/marker (Additional file [5](#MOESM5){ref-type="media"}: Table S4).

QTL analyses were performed using phenotypic data (FER and FB1 content) recorded over 2 years (2011 and 2012) and two sowing times (indicated as A and B) with two inoculation methods (F or T). In addition, DTS was subjected to QTL analyses in order to exclude loci influencing flowering time and consider only loci related to resistance. The LOD value thresholds obtained by permutation test varied from 3.9 to 4.3 for all considered traits (see Materials and Methods section for details), but we considered as "stable" also QTLs with LOD values close to the threshold (difference with the threshold \<0.50 LOD), if mapping to the same position of another QTL determined in another year/sowing time/inoculation technique, or for another trait.

While the traits phenotyped in our work are directly related to disease impact and thus to susceptibility, the goal in breeding is to improve resistance to the pathogen. For this reason throughout the paper we will consider as beneficial those alleles that decrease FER severity and FB1 contamination. Significant associations were mapped for FER, FB1 and DTS traits in the four environments and the two inoculation methods. Fifteen, 17 and nine associations with overlapping confidence intervals (2-LOD) in at least two inoculation methods and/or two sowing times and/or 2 years, were detected for FER, FB1 contamination and DTS, respectively (Table [2](#Tab2){ref-type="table"}; Additional file [6](#MOESM6){ref-type="media"}: Figure S2). Overlapping QTLs in the 2-LOD intervals were referred as "integrated QTLs" and indicated by the trait code followed by the LG in which the QTL was mapped and a decimal if another QTL for the same trait was mapped in the same LG. Between the 2-LOD overlapping QTLs for each trait, the highest LOD peak value and the maximum explained phenotypic variation (and the corresponding nearest cofactor marker, the LOD peak position, the additive and dominance effect) were chosen as putative value of the integrated QTL and reported in Table [2](#Tab2){ref-type="table"}. The new confidence interval of the integrated QTLs were calculated on the extremes of the 2- and 1-LOD interval of each overlapping QTL detected (Additional file [6](#MOESM6){ref-type="media"}: Figure S2).Table 2Mapped integrated QTLs for *Fusarium* ear rot (FER), fumonisin B1 (FB1) contamination and days to silking (DTS) by multiple QTL mapping in a F~2:3~ population (CO441xCO354) artificially infected with side-needle (F) and toothpick (T) inoculation methods in early (A) and late sowing (B) of 2011 and 2012, detected in more than 1 year/sowing/inoculation technique. Co-mapping QTLs for FER, FB1 contamination and DTS are in boldIntegrated QTL name^a^LG.bin^b^LOD peak^c^R^2^ (%)^d^LOD position^e^ (cM)Cofactor marker^f^Additive Effect^g^Dominance Effect^h^mu_A^i^mu_H^l^mu_B^m^QTL detection^n^**qFER-11.059.5711174.9861ch92268079−0.320.763.6424.7194.2781 F; 4 T**qFER-2.12.007.964.518.472phi961000.4−0.014.4013.9983.5592 F; 4 F; 4 TqFER-2.22.035.55.688.2742ch152926810.260.463.6373.8423.1252 T; 3 FqFER-2.32.045.675.5125.6982ch385327830.23−0.293.8453.3253.3242 T; 4 T**qFER-2.42.059.8811.6165.676bnlg19090.54−0.424.5033.5403.4171 F; 4 F; 4 TqFER-33.058.637.5297.5353ch155286584−0.320.393.1093.8203.7451 F; 1 T; 2 F**qFER-44.107.948.4313.5144ch239495017−0.140.463.4474.0483.7223 F; 4 FqFER-55.029.151068.6665ch10243313−0.59−0.492.7862.8913.9752 F; 2 T; 4 T**qFER-66.0119.4713.624.9106ch859619190.46−0.074.4583.9283.5422 F; 4 FqFER-77.0215.4517.5143.720bnlg1164−0.51−0.323.5213.7134.5451 F; 1 T; 2 T; 3 F; 3 T; 4 T**qFER-88.065.828.8173.0718ch1522867940.250.423.8814.0593.3893 F; 3 T**qFER-9.19.035.118.8111.7069ch77768666−0.44−0.373.0843.1473.9571 F; 1 T**qFER-9.29.0516.1618.7143.050bnlg1270−0.760.262.6193.6444.1422 F; 2 T; 3 T**qFER-9.39.064.834.8170.6429ch147073999−0.11−0.283.4703.2963.6993 F; 4 TqFER-9.49.078.885.1221.1069ch1520324730.090.424.0914.4243.9091 T; 4 FqFB1-1.11.056.586.1166.834umc2025−16.0710.774.5857.2697.7994 T; 4 F**qFB1-1.21.086.455286.9551ch248925051−0.220.075.3667.3935.4061 F; 4 F; 4 TqFB1-1.31.115.474.2361.7861ch2893462731.08−17.165.4943.6705.2783 F; 4 F**qFB1-22.0510.7317.2164.890bnlg190918.11−10.77.3504.4693.7281 F; 2 FqFB1-33.0510.775.6297.5353ch155286584−8.984.255.5526.8757.3483 T; 4 F**qFB1-4.14.015.615.126.2774ch2672212−1.8318.316.0088.0226.3753 T; 4 TqFB1-4.24.0512.534.6107.3514ch35659578−7.28−5.384.3964.5865.8523 F; 4 TqFB1-4.34.0811.984.2193.8264ch180229652−5.26−3.854.7224.8625.7733 F; 3 TqFB1-55.0819.927.7270.3375ch211812130−9.28−11.023.7793.6045.6343 F; 4 T**qFB1-6.16.017.883.924.9106ch859619163.7−2.596.9896.3616.2503 F; 3 T**qFB1-6.26.056.242.9110.3876ch1418010555.69−7.986.9775.6115.8401 F; 3 T**qFB1-7.17.026.3212.8126.3217ch31316454−13.44−10.355.8096.1188.4971 T; 2 TqFB1-7.27.0212.2212.4143.720bnlg1164−19.26−9.184.2665.2748.1172 F; 3 F; 4 T**qFB1-9.19.0117.755.417.000umc18679.76−8.945.6823.8123.7303 F; 3 T**qFB1-9.29.048.314119.7069ch1205042023.47−11.166.4725.0095.7793 T; 4 FqFB1-9.39.0610.865.5180.1019ch147547533−10.39−6.635.3695.7457.4483 T; 4 FqFB1-9.49.0711.285.5212.4199ch154004726−11.12−8.295.2965.5797.5211 T; 2 T; 3 T**qDTS-1.11.0113.89.928.3411ch47615081.04−0.556.3936.2346.1852; 4qDTS-1.21.0617.468213.1661ch1983572551.330.377.2157.1196.9491; 3qDTS-33.076.083.8179.1523ch195814817−0.32−1.036.2576.1866.3222; 3; 4qDTS-44.077.9613177.8984ch1796472580.7−2.316.7156.4156.5752; 3qDTS-55.018.353.448.3435ch55780800.461.157.1287.1977.0361; 3**qDTS-66.016.029.927.256ch859618811.41−0.786.7866.5676.5052; 3; 4**qDTS-77.0512.175.2267.416umc23330.630.317.1447.1127.0181; 4qDTS-8.18.018.753.587.4238ch73013100.80.427.1627.1247.0021; 4qDTS-8.28.096.043.8287.8358ch173447681−0.39−1.36.2506.1596.3281; 4^a^ Integrated QTL name composed by the trait code followed by the LG number in which the QTL was mapped and a decimal if more than one integrated QTL is detected for the same trait in the same LG^b^ Linkage group and bin position of the nearest flanking marker to the highest LOD peak^c^ Maximum LOD peak in the integrated QTL^d^ Maximum phenotypic variation explained in the integrated QTL^e^ LOD peak position of the maximum LOD peak in the integrated QTL^f^ Nearest flanking marker to the maximum LOD peak in the integrated QTL^g^ Negative and positive values refer to CO354 and CO441 as the origin of the beneficial allele, respectively^h^ Negative values indicate that the heterozygotes are more resistant than the respective mean between the two homozygotes^i^ Mean of the distribution of quantitative trait associated with the CO354 genotype^l^ Mean of the distribution of quantitative trait associated with the CO441 genotype^m^ Mean of the distribution of quantitative trait associated with the heterozygote genotype. When no dominance was fitted mu_H correspond to the mean of the sum among the average of the two homozygotes^n^ Year, sowing time and inoculation technique in which the QTL was detected: 1 = 2011A; 2 = 2011B; 3 = 2012A; 4 = 2012B; F = side-needle inoculation; T = toothpick inoculation

No integrated QTL was found in the LG 10. DTS QTLs were mapped on the LGs 1, 3, 5--8. FER QTLs were associated to the largest number of LGs, being located on all LGs excluding LG 10, whilst FB1 contamination QTLs mapped on LGs 1--9, with the only exception of LG 8. Eight integrated QTLs were in common between FER and FB1 contamination traits, positioned on the LGs 1, 2, 3, 6, 7 and 9 (Table [2](#Tab2){ref-type="table"}; Additional file [6](#MOESM6){ref-type="media"}: Figure S2). Moreover, the qFER-6 and qFB1-6.1 integrated QTLs co-mapped with a QTL for DTS (qDTS-6) (Table [2](#Tab2){ref-type="table"}; Additional file [6](#MOESM6){ref-type="media"}: Figure S2).

The average value of the phenotypic variation explained by each of the integrated QTLs, considering the maximum R^2^ value, was the highest for FER (R^2^ = 9.4%), followed by DTS (R^2^ = 6.7%) and FB1 contamination (R^2^ = 6.6%).

QTLs for FER, FB1 contamination and DTS {#Sec6}
---------------------------------------

Among the QTLs for FER, 11 were detected in both 2011 and 2012 and only four in either year: qFER-3, qFER-4, qFER-8 and qFER-9.1 (Table [2](#Tab2){ref-type="table"}). The phenotypic variation explained by QTLs (R^2^) ranged between 4.5% (qFER-2.1) and 18.7% (qFER-9.2). The highest percentage of variation was explained by qFER-9.2, which was detected in 2011B_F and \_T and 2012A_T. The resistant parent CO441 carried the beneficial alleles (decreasing FER) in the cases of FER QTLs on LG 2, qFER-6, qFER-8 and qFER-9.4 while the susceptible parent CO354 contributed favorable alleles for qFER-1, qFER-3, qFER-4, qFER-5, qFER-7 and qFER-9.1- qFER-9.3 (Table [2](#Tab2){ref-type="table"}). The beneficial alleles were partially dominant over the susceptibility alleles in qFER-2.1 and qFER-2.4, qFER-5, qFER-6, qFER-7, qFER-9.1 and qFER-9.3 and were completely dominant in qFER-2.3.

Most of QTLs for FB1 contamination were detected in both sowings of 2012 (qFB1-1.3, qFB1-3, qFB1-4.1-qFB1-4.3, qFB1-5, qFB1-9.2 and qFB1-9.3) and only four QTLs (qFB1-1.2, qFB1-6.2, qFB1-7.2 and qFB1-9.4) were stable across years (Table [2](#Tab2){ref-type="table"}). The minimum R^2^ value was associated to qFB1-6.2 (R^2^ = 2.9) and the maximum value to qFB1-2 (R^2^ = 17.2). Most of the QTLs for FB1 contamination derived from the susceptible parent (qFB1-1.1, qFB1-1.2, qFB1-3, qFB1-4.1, qFB1-4.2, qFB1-4.3, qFB1-5, qFB1-7.1, qFB1-7.2, qFB1-9.3 and qFB1-9.4), with a partial dominant effect of the beneficial alleles (reduction of FB1 contamination) in qFB1-4.2, qFB1-4.3, qFB1-5, qFB1-7.1, qFB1-7.2, qFB1-9.3 and qFB1-9.4. The resistant parent contribution (qFB1-1.3, qFB1-2, qFB1-6.1, qFB1-6.2, qFB1-9.1 and qFB1-9.2) revealed a partial dominant effect of the beneficial alleles in all cases (Table [2](#Tab2){ref-type="table"}).

All nine integrated QTLs for DTS were stable across years, although only qDTS-3 and qDTS-6 were stable also across sowing times. The lowest R^2^ value was associated to qDTS-5 (3.4) and the highest to qDTS-4 (13). Only two DTS QTLs derived from the susceptible parent (qDTS-3 and qDTS-8.2), showing partial dominance of the favorable alleles. The resistant parent contributed to the QTL for earliness in DTS in the other seven cases, with effect of partial dominance in qDTS-1.1, qDTS-4 and qDTS-6 (Table [2](#Tab2){ref-type="table"}).

QTLs in common to FER and FB1 {#Sec7}
-----------------------------

According to the 2-LOD confidence intervals, eight QTLs for FER and FB1 contamination mapped in similar positions of the maize genome and were located on LGs 1, 2, 3, 6, 7 and 9. Most of these overlapped regions explained the highest percentage of phenotypic variation. This is the case of qFER-1 and qFB1-1.1 (R^2^ = 11 and 6.1, respectively), qFER-6 and q-FB1-6.1 (R^2^ = 13.6 and 3.9, respectively), qFER-7 (R^2^ = 17.5) which co-mapped with both qFB1-7.1 (R^2^ = 12.8) and qFB1-7.2 (R^2^ = 12.4). The qFER-7, qFB1-7.1 and qFB1-7.2 QTLs showed great stability across years, sowing time and inoculation technique, since they were not detected only in 2011B_F and 2012B_F (qFB1-7.1 was detected also in 2011A_F, but with a LOD (3.6) slightly below the significance threshold). In this case the beneficial partially dominant alleles of qFER-7 and qFB1-7.1-7.2 QTLs were carried by the susceptible parent (Table [2](#Tab2){ref-type="table"}).

The qFER-3 QTL (R^2^ = 7.5) was detected in both sowings of 2011 and co-mapped with the qFB1-3 QTL (R^2^ = 5.6), determined in both sowings of 2012 and in 2011A_F with a LOD (3.0) lower than the significant threshold set by the permutation test (4.2). Interestingly, different regions of LG 9 showed associations for both FER and FB1 contamination, although with smaller percentage of explained phenotypic variation (average R^2^ = 5.6): qFER-9.1 co-mapped with qFB1-9.2, qFER-9.3 with qFB1-9.3 and qFER-9.4 with qFB1-9.4.

The qFER-2.4 and qFB1-2 QTLs, associated to the SSR bnlg1909, explained the 11.6 and 17.2% of the FER and FB1 phenotypic variation, respectively. Although qFB1-2 was detected only in 2011, qFER-2.4 was stable across years. Interestingly, the additive and dominance effects associated to both QTLs revealed that the resistant parent contributed to resistance carrying a partially dominant allele (Table [2](#Tab2){ref-type="table"}).

Candidate genes for FER resistance {#Sec8}
----------------------------------

In order to identify candidate genes for *Fusarium* resistance traits, we considered the 1-LOD confidence intervals of the integrated QTLs in common between FER and FB1 contamination: qFER-2.4 and qFB1-2 (which explained the highest phenotypic variation for FB1 trait), and qFER-7 and qFB1-7.1 and −7.2 (the most stable QTLs). In particular, we focused on differentially expressed genes (DEGs) found in a previous transcriptomic comparison of resistant CO441 and susceptible CO354 genotypes at 72 h after *F. verticillioides* inoculation \[[@CR34]\]. The full list of DEGs included in the 2-LOD interval of the above mentioned regions and in the other six QTLs in common to both traits are reported in Additional file [7](#MOESM7){ref-type="media"}: Table S5.

Ten DEGs were located within the qFER-2.4/qFB1-2 1-LOD confidence interval and 125 for qFER-7/qFB1-7.1 and -7.2 (Additional file [7](#MOESM7){ref-type="media"}: Table S5). Among these, DEGs were firstly selected on the basis of their expression levels and secondly on their known role in plant defense (Table [3](#Tab3){ref-type="table"}). DEGs were subsequently divided in "constitutive", if differentially expressed between uninoculated CO441 and CO354 control samples, and "modulated", if differentially expressed between inoculated and control samples of either or both genotypes.Table 3Differentially expressed genes among CO441 and CO354 genotypes within QTL regions in common between *Fusarium* ear rot and fumonisin B1 contamination traitsIntegrated QTLLG:\
start-end position^a^Gene_IDSequence description^b^FC^c^Transcr. regulation^d^qFER-2.4 qFB1-22:\
45192080-48148553GRMZM2G031331Barley *mlo* defense gene homolog3RModulatedGRMZM2G104843Lipoxygenase 8RTSModulatedGRMZM2G33170122.0 kDa class IV heat shock proteinRTSModulatedGRMZM2G086971ThioredoxinRTSConstitutiveGRMZM2G053111Serine threonine-protein kinase-like ccr4STModulatedqFER-7 qFB1-7.1\
qFB1-7.27:\
50591357-129971622GRMZM2G461159S-adenosylmethionine decarboxylaseMPModulatedGRMZM2G477743Monoglyceride lipase-likeMPModulatedGRMZM2G093947RNA-binding protein rbp37MPConstitutiveGRMZM2G133613*Avr9* elicitor response proteinRModulatedGRMZM2G328877Heat shock protein 70RTSConstitutiveGRMZM2G139535Heat shock factor-transcription factor 21RTSModulatedGRMZM5G813217Heat shock protein 83-likeRTSModulatedGRMZM2G153607Early-responsive to dehydration stress-related proteinRTSModulatedGRMZM2G139815WRKY 74 transcription factorSTModulatedGRMZM2G334165Cysteine-rich receptor-like protein kinase 10STModulatedGRMZM2G025761Transcriptional adaptor family proteinSTConstitutiveGRMZM2G123119APETALA2/ethylene responsive element binding protein transcription factorSTModulatedGRMZM2G467943APETALA2/ethylene responsive element binding protein transcription factorSTConstitutiveGRMZM2G141219APETALA2/ethylene-responsive transcription factor at1g16060-likeSTModulatedGRMZM2G052667APETALA2/ethylene responsive element binding protein transcription factor 102STModulatedGRMZM2G092137OCS element-binding factor 1STModulatedGRMZM2G009045Phosphate carrier mitochondrial-likeTModulatedGRMZM2G075951Carbohydrate transmembrane transporterTConstitutiveAC234166.1_FG002Hypothetical protein ZEAMMB73_317354UConstitutive^a^ Linkage group and start and end positions in bp of the 1-LOD confidence interval^b^ Putative gene annotation as automatically associated using Blast2GO software^c^ Functional category: MP = metabolic process; R = resistance; RTS = response to stress; SM = secondary metabolism; ST = signal transduction; T = transport; U = unknown^d^ Transcriptional level of the gene in uninoculated control and inoculated kernels at 72 h post inoculation of CO354 and CO441 genotypes found in \[[@CR34]\]: constitutive = differentially expressed gene (DEG) among the CO441 and CO354 controls; modulated = DEG in either or both CO441 and CO354 genotypes after inoculation in comparison to controls

Among the ten DEGs in the 3.0 Mb 1-LOD interval associated to qFER-2.4 and qFB1-2, two genes showed different constitutive expressions between genotypes in the uninoculated controls and eight were specifically modulated upon infection (Additional file [7](#MOESM7){ref-type="media"}: Table S5). Beside genes with unknown function (GRMZM2G152141 and GRMZM2G179827), genes with low expression level (GRMZM2G072984 and GRMZM2G112039) and genes currently not known to be related to defense (GRMZM2G497438), five genes potentially related to *F. verticillioides* resistance were identified: a constitutively expressed thioredoxin (YPTM1) and the genes modulated upon inoculation, namely the lipoxygenase *LOX8*, a heat shock protein (*HSP*) (GRMZM2G331701) involved in response to stress, a *mlo* defense gene (GRMZM2G031331) and a serine threonine-protein kinase-like gene (GRMZM2G053111), related to resistance and signal transduction, respectively (Table [3](#Tab3){ref-type="table"}). The genes involved in response to stress showed large differential expression among genotypes, with the thioredoxin gene constitutively expressed up to 89 times more in CO441 in comparison to CO354, and the *HSP* induced after inoculation more than twice in the susceptible genotype (Table [3](#Tab3){ref-type="table"}; Additional file [7](#MOESM7){ref-type="media"}: Table S5). *F. verticillioides* inoculation led to *LOX8* induction up to 2 and 2.4 times in the susceptible and resistant genotype, respectively.

A total of 125 DEGs associated to qFER-7, qFB1-7.1 and −7.2 were present in the 79.4 Mb interval. One third of them (43 DEGs) were differentially regulated among CO441 and CO354 genotypes at the constitutive level (Additional file [7](#MOESM7){ref-type="media"}: Table S5) and a large part were hypothetical proteins (20) or had unknown function (23). From the total list of 125 DEGs, we focused on 19 based on expression values and known function (Table [3](#Tab3){ref-type="table"}). Among the stress-related proteins, the early-responsive to dehydration stress-related protein (GRMZM2G153607), two *HSPs* and a transcription factor regulating their activation (GRMZM2G139535) were included in this interval. The *Avr9* elicitor response protein gene (GRMZM2G133613), involved in resistance, was modulated in both genotypes after inoculation, as well as a phosphate carrier mitochondrial-like (GRMZM2G009045), which increased 455 and 188 times after inoculation in the resistant and susceptible genotypes, respectively. Genes involved in signal transduction included a cysteine-rich receptor-like protein kinase 10-like (GRMZM2G334165) and a WRKY transcription factor (GRMZM2G139815), both modulated after inoculation, and the constitutively expressed transcriptional adaptor family protein (GRMZM2G025761). Four APETALA 2/ethylene responsive element binding protein transcription factors (AP2/ERF) were constitutively expressed (GRMZM2G467943), or regulated after pathogen inoculation in both genotypes (GRMZM2G123119 and GRMZM2G141219), or induced only in the susceptible genotype (GRMZM2G052667). The OCS element-binding factor 1 (GRMZM2G092137) was significantly induced (up to 5 times) after inoculation in CO441. Other genes differentially expressed encoded RNA-binding protein rbp37 (GRMZM2G093947) and a carbohydrate transmembrane transporter (GRMZM2G075951), which were 227- and 153-fold more constitutively expressed in the resistant line, respectively. The monoglyceride lipase-like (GRMZM2G477743) redoubled its expression value after inoculation in the resistant line, while the S-adenosylmethionine decarboxylase (GRMZM2G461159) increased four-fold its expression. Notably, the hypothetical protein ZEAMMB73_317354 (AC234166.1_FG002) was constitutively expressed 1,400-fold in the resistant genotype.

A larger number of candidate genes for resistance could be obtained considering the 2-LOD confidence intervals around the LOD peak (Additional file [7](#MOESM7){ref-type="media"}: Table S6). Whilst 2-LOD intervals of qFER-7 and qFB1-7.1 and −7.2 corresponded to 1-LOD extremes, the 2-LOD region associated to qFER-2.4 and qFB1-2 spanned 40 Mb and included the resistance-related hypersensitive-induced response protein (GRMZM2G157869) and the RPM1-interacting protein 4-like (GRMZM2G027272) and the stress-related ascorbate peroxidase (APX, GRMZM2G120517).

In the other QTLs regions in common between FER and FB1 traits some genes are noteworthy because of their expression values: the stress related-like protein interactor (GRMZM2G458718) in qFER-1/qFB1-1.1, the glutathione S-transferase (GRMZM2G019090) in qFER-3/qFB1-3, the PLATZ transcription factor family member (GRMZM2G006585), the ethylene-responsive factor-like protein 1 (GRMZM2G053503) and the *HSP* 90 (GRMZM2G063988) in qFER-9.1/qFB1-9.2, the *HSP70-2* (GRMZM2G324499) and the APX (GRMZM2G054187) in qFER-9.3/qFB1-9.3, the vicilin-like antimicrobial peptide 2--3 (GRMZM2G078441) in qFER-9.4/qFB1-9.4 (Additional file [7](#MOESM7){ref-type="media"}: Table S6).

Discussion {#Sec9}
==========

FER disease incidence and FB1 accumulation in the F~3~ population {#Sec10}
-----------------------------------------------------------------

FER and fumonisin contamination are influenced by many environmental factors and test sites with consistently high disease pressure are required for genetic analysis of these traits \[[@CR37]\]. In general, low rainfall and high temperature around flowering, and high rainfall or high temperature just before harvest, were found to favor fumonisin contamination \[[@CR2]\]. In the present study, temperatures and relative humidity were significantly different in the 2 years of phenotyping, but no significant changes occurred between the two sowing times within the same year. In particular, both flowering and post-inoculation periods in 2012 were characterized by significantly higher temperatures and lower relative humidity compared to 2011.

Significant differences among groups determined by years, inoculation technique and sowing times were recorded for both FER severity and FB1 contamination. Consistent with climatic patterns, FER severity and FB1 contamination were significantly higher in 2012B, when higher temperatures and lower relative humidity also accelerated flowering (DTS).

The distributions of FER and FB1 traits in the F~3~ population revealed the presence of transgressive segregants, i.e., families performing outside the parental range. Transgressive segregants were observed in populations screened for FER and fumonisin contamination \[[@CR14]\], but also for *Gibberella* ear rot (GER), caused by *F. graminearum*, and deoxynivalenol (DON) and zearalenone (ZEA) contamination \[[@CR38]--[@CR40]\]. This phenomenon occurs because of the accumulation of favorable and unfavorable alleles originating from both parental lines (additive effect) and/or epistatic interactions. In the present study, identification of offspring outperforming the resistant parent CO441 provides a starting point for improvement of *Fusarium* and fumonisin resistance in breeding programs.

The low positive significant correlations (*r* = 0.16--0.30), detected in 2011 and 2012 between flowering time (DTS) and FB1 contamination, suggested that in few maize genotypes late flowering is associated with higher fumonisin content. On the other side, significant low positive correlations between DTS and FER were found only in 2012, suggesting that fumonisin content is more influenced than disease severity by the plant developmental stage. It was demonstrated that early flowering hybrids normally show reduced ear rot severity and mycotoxin contamination \[[@CR36]\]. Nonetheless, higher temperatures, occurred in 2012, might affect both flowering and the FB1 content. Further analyses are needed to establish if the correlation between ear rot and silking date arises from linkage between resistance genes and early flowering genes.

Since under natural conditions the pathogen is not evenly distributed in the field, artificial inoculation is key to ensure its equal distribution \[[@CR41]\]. In our study, plants were artificially inoculated with either the side-needle or the toothpick inoculation technique. Both techniques allowed to evaluate kernel resistance, although the parents were initially screened for silk channel resistance \[[@CR42]\] and the correlation between the two traits was low in certain genotypes \[[@CR36]\]. Moreover, injection through the ear husks resulted in higher levels of fumonisin concentration and infection severity \[[@CR7], [@CR43], [@CR44]\]. In this study, both inoculation techniques allowed a reliable differentiation of genotypes for kernel resistance according to disease level and fumonisin content. Regarding the comparison between the two inoculation techniques, they significantly affected FER severity more than sowing date and year: disease symptoms were lower in plants infected with the toothpick, but similar disease levels were found between 2011A, 2011B and 2012A. Lower FER severity in toothpick-inoculated ears may be due to slower progress of pathogen growth when inoculated as mycelium in comparison to conidia, or to smaller diameter of the inoculation punch. On the other hand, fumonisin content was not clearly affected by the use of either inoculation technique. Anyway, ease of use and similar efficacy in genotype screening make the side-needle inoculation technique preferable to the toothpick.

In contrast to most plant diseases, which can be simply visually rated, the evaluation of fumonisin contamination resistance requires time-consuming and expensive toxin assays. The high phenotypic correlation (ranging between 0.72 and 0.81) between FER severity and FB1 contamination, determined in this study, demonstrated that analyses for mycotoxin content are only rarely needed. Robertson and coworkers \[[@CR14]\] determined lower phenotypic correlations between these traits in two populations (0.40 and 0.64), but the strong genotypic correlations (0.96 and 0.87) suggested that selection for reduced ear rot should frequently identify lines with reduced fumonisin contamination. Therefore, in breeding programs, selecting against ear rot may be a useful strategy for selecting genotypes with lower susceptibility to fumonisin contamination.

QTLs for FER and FB1 contamination resistance {#Sec11}
---------------------------------------------

Fifteen QTLs for FER and seventeen for FB1 content were detected in the CO441xCO354 F~3~ population (integrated QTLs). All identified QTLs had relatively small effects, explaining on the average 7.9% of the phenotypic variation, with values ranging between 2.9 and 18.7%, in agreement with previous results \[[@CR15], [@CR16]\]. The existence of favorable alleles for FER and FB1 contamination resistance in both parents can at least in part explain the presence of transgressive segregants in the progeny, with higher resistance or susceptibility than the CO441 and CO354 parents, respectively. Additional mechanisms, such as epistasis and overdominance, may also play a role in this respect. While both parents carried equally the beneficial alleles for FER resistance, CO354 contributed to most of the FB1 resistance QTLs and was associated to some of QTLs explaining the largest proportion of the phenotypic variation, as qFER-7.1 (R^2^ = 12.8) and qFB1-7.2 (R^2^ = 12.4). Dominance effects were detected for most of the alleles contributing to resistance, except qFER-1, qFER-2.2, qFER-3, qFER-4, qFER-8, qFER-9.2, qFER-9.4, qFB1-1.1, qFB1-1.2, qFB1-3 and qFB1-4.1.

Comparing the positions of QTLs for FER and FB1, few correspondences were found with previously identified QTLs \[[@CR15]--[@CR18]\], probably due to the different sources of resistance used in previous studies \[[@CR15]--[@CR18]\]. Indeed, limited consistency across populations was already noted by other authors evaluating different populations sharing a common parent \[[@CR15]\], or completely different parents \[[@CR16]\]. In particular, only three FER and two fumonisin contamination resistance QTLs mapped to similar positions in the GEFR (GE440xFR1064) and NCB (NC300xB104) populations \[[@CR16]\].

Surprisingly, a high correspondence was detected with QTLs related to *F. graminearum* resistance, causing GER and the contamination of maize grains with ZEA and DON mycotoxins \[[@CR38]--[@CR40]\]. The parental lines employed in the present study were initially selected for *F. graminearum* resistance, but showed analogous levels of resistance to FER and common smut (*Ustilago zeae*) \[[@CR42]\]. Indeed, a cross with parent CO441 was recently used to detect QTLs related to GER resistance \[[@CR45]\]. Resistant sources to multiple maize pathogens, such as *F. verticillioides*, *F. graminearum* and *A. flavus* were found, suggesting the presence of a common genetic mechanism regulating resistance to different diseases \[[@CR6], [@CR10], [@CR13]\]. In selected resistant and susceptible genotypes for fumonisin contamination, the genotypic correlations between FER, *Aspergillus* ear rot (AER), fumonisin and aflatoxin contamination were always greater than the phenotypic correlations, highlighting again the central role of the environmental factors on the phenotype \[[@CR6]\].

Interestingly, eight QTL positions detected in this study overlapped between FER and FB1 contamination, suggesting the existence of genetic mechanisms controlling susceptibility/resistance to both traits. The high phenotypic correlations between the two traits found in this study (0.72--0.81) and the high genetic correlations found in the GEFR and NCB populations (0.96 and 0.87, respectively) \[[@CR14]\], demonstrate feasibility of MAS of genotypes showing resistance to both FER and FB1 contamination.

Among the overlapping QTLs between the two traits, the CO354 line contributed to FER resistance and low FB1 contamination in QTLs located on the LGs 1, 3, 7 and 9 (qFER-9.3 and qFB1-9.4), while CO441 line carried the favorable alleles on LG 2 and LG 6. The overlapping qFER-7 and qFB1-7.1 and -7.2 QTLs were stable across years and sowings, with R^2^ ranging from 12.4 to 17.5%. The qFER-3 and qFB1-3 QTLs were detected in different years, explaining 7.5 and 5.6% of the phenotypic variation, respectively. To our knowledge, these QTLs on LG 3 and LG 7 were never mapped previously neither for resistance to *F. verticillioides*, nor *F. graminearum* or *A. flavus*. These genomic regions, which derived both from CO354 line and are associated to resistance to both traits across years, are promising targets for the improvement of *F. verticillioides* resistance in maize.

LG 2 showed numerous consistent QTLs localized in four regions: qFER-2.1, qFER-2.2, qFER-2.3 and the overlapping qFER-2.4 and qFB1-2, both associated with SSR bnlg1909. The latter QTLs, detected in both years, explained a large amount of the phenotypic variation, with R^2^ for FER and FB1 contamination of maximum 11.6 and 17.2%, respectively. Similar bin positions were related to QTLs associated to GER resistance and ZEA and DON contamination reduction \[[@CR38]--[@CR40]\]. In particular, bnlg1909 was positioned, according to the IBM2 2008 Neighbors2 map, less than 4 cM from umc1259, the nearest flanking marker of QTLs for GER, ZEA, DON resistance in a UH007xUH006 doubled haploid line population \[[@CR39]\] and co-located with bnlg108, flanking marker in GER resistance QTLs in UH009xUH007 doubled haploid lines \[[@CR40]\] and in CO387xCG62 RILs \[[@CR38]\]. Considering the stability of this QTL, which determined both FER and FB1 contamination, but also resistance towards *F. graminearum*, the genomic region around SSR bnlg1909 is an interesting target for further dissection and candidate gene identification.

LG5 showed the presence of QTLs for DTS (qDTS-5), FER (qFER-5) and FB1 contamination (qFB1-5), explaining respectively 3.4, 10.0, and 7.7% of the phenotypic variation. Moreover, qFER-5 was located near a QTL for DON contamination reduction in bin 5.02 between bnlg565 and umc2167 markers \[[@CR39]\], as well as QTLs for aflatoxin contamination in bin 5.01, between bnlg143 and bnlg565 markers \[[@CR46]\], and in bin 5.03, associated to bnlg1046 \[[@CR47]\].

The qFB1-4.2 QTL was localized in bin 4.05, and 4.04--4.05 bins represent a region of clustered QTLs for FER resistance \[[@CR18]\], GER resistance \[[@CR39]\] and aflatoxin resistance in several populations \[[@CR48]\]. Furthermore, SNPs associated with resistance to GER in a CO441xB73 RIL population were located close to qFER-1/qFB1-1.1, qFER-2.2, qFB1-9.1 and qFER-9.3/qFB1-9.3 \[[@CR45]\]. Similarly, qFB1-1.3, qFB1-4.1, qFER-9.1 and qFB1-9.2 localized in bin positions corresponding to QTLs for GER resistance, ZEA and DON contamination reduction \[[@CR39], [@CR40]\].

A QTL related to flowering (qDTS-6) was co-located with a QTL for fumonisin contamination (qFB1-6.1) and a QTL for FER (qFER-6), detected in late sowings of both years with an R^2^ of 13.6%. Also qDTS-6 showed great stability across years and sowings, explaining 9.9% of the phenotypic variation, in contrast to qFB1-6.1 that was uncovered only in 2012A with a R^2^ equal to 3.9%. Association of disease resistance traits with maturity-related QTLs was reported before \[[@CR49]\], reflecting the low positive correlation determined between the two traits. Since the resistant parent contributed to these QTLs, a pleiotropic gene effect between earliness in flowering, FER and FB1 contamination reduction may exist.

Some QTLs detected in our study overlapped with genomic regions previously associated with responses to other diseases. This is consistent with previous observations that QTLs for different disease resistances have a tendency to map to similar genome locations, implying the existence of common genetic mechanisms regulating these traits \[[@CR49]\]. A meta-QTL analysis, comprehending 87 individual QTLs for FER, GER and AER resistance derived from 14 different studies, revealed the presence of 29 clusters of QTLs (meta-QTLs), mainly localized on chromosome 3, 4 and 5 \[[@CR50]\]. In our study, QTLs associated to *F. verticillioides* response on LG 4 and LG 5 overlapped or were adjacent to QTLs related to *F. graminearum* and *A. flavus* resistance, confirming the existence of clusters of resistance QTLs. Fine scale-genetic mapping will be necessary to distinguish linked QTLs, such as those in a "resistance cluster", from pleiotropic QTLs that influence resistance to multiple fungi. Interestingly, the Canadian CO387 inbred, developed for *F. graminearum* resistance as our parents, was the source that mostly contributed to resistance against FER, GER and AER in the meta-QTL analysis \[[@CR50]\].

Recently, two genome-wide association studies were conducted on the maize core diversity panel inbred lines to detect allele variants associated with increased resistance to FER \[[@CR29], [@CR30]\]. Only two disease-associated SNPs mapped in similar positions to QTLs detected in our study: the first SNP, physically positioned at 151,295,233, was located within the 1-LOD interval of the overlapping qFER-9.4/qFB1-9.4, and the second SNP was less than 5 Mb from the SNP 2ch2,672,212 associated to qFB1-4.1.

The multifactorial nature of *Fusarium* and fumonisin contamination resistance poses challenges to their genetic improvement through MAS, which is most effective when few moderate-large effect QTLs and consistent effects across breeding populations can be identified \[[@CR51]\]. However, MAS appears the most suitable technique for improving agronomically performing lines because of the high costs related to phenotyping. Further studies using different populations derived from the CO441xCO354 cross and increasing the tested environments, will confirm the presence, the location and effects of FER and FB1 contamination QTLs, minimizing the environmental effects on these traits.

In conclusion, the QTLs mapped in this study are an important source for further studies on FER and FB1 contamination. The choice of the parents, with contrasting levels of FER and FB1 contamination, allowed an adequate segregation of these traits in the study population. Moreover, the choice of a high-yielding resistant parent (CO441) provides an ideal basis for the selection of resistant hybrids with good agronomic performance in future breeding programs.

Candidate genes for FER resistance {#Sec12}
----------------------------------

Candidate genes for maize resistance to FER have been proposed in transcriptomic studies comparing the response of susceptible and resistant maize lines to *F. verticillioides* infection, suggesting that resistance of some genotypes may be mainly due to the constitutive expression of defense mechanisms \[[@CR31]--[@CR34], [@CR52]\]. In this study, the genomic regions spanning QTLs of particular interest were scanned for the presence of DEGs resulting from an RNA-Seq experiment led on the same two parents at 72 h post *F. verticillioides* inoculation \[[@CR34]\]. Two genomic regions in common between FER and FB1 traits were firstly considered as potential sources of genes for *F. verticillioides* resistance: qFER-2.4 and qFB1-2, which explained the highest phenotypic variation for FB1 trait, and qFER-7 and qFB1-7.1 and −7.2 which showed the greatest stability across years and sowings. The 1-LOD confidence intervals of these regions harbored in total 135 DEGs, which could be considered potential candidates for *F. verticillioides* resistance and about one third of them (48/135) has unknown function. Among DEGs associated to these intervals of interest, 24 were analyzed in more detail based on high expression levels and known defensive role (Table [3](#Tab3){ref-type="table"}).

In the region containing the qFER-2.4 and qFB1-2 QTLs, three genes related to stress response could be considered as valuable candidates for resistance: *YPTM1*, *LOX8* and 22 kDa *HSP. YPTM1* was constitutively present in uninoculated controls of the resistant line and thioredoxins are known to protect plant tissues from oxidative damage produced by reactive oxygen species, triggered after pathogen recognition. In maize, *LOX8*, which resulted up-regulated in both genotypes after *F. verticillioides* inoculation \[[@CR34]\], is the only identified family member responsible for the production of jasmonic acid (JA) \[[@CR53]\], an oxylipin that mediate the response to necrotrophic pathogens, together with ethylene (ET) \[[@CR54]\]. Oxylipins are compounds involved in signaling and are implicated in plant-pathogen interactions and regulate mycotoxin production \[[@CR55]\]. The role of *LOXs* in maize-*F. verticillioides* interaction and other pathogen cross-talks was demonstrated by the use of maize mutants \[[@CR56]--[@CR59]\]. Moreover, *LOXs* and other genes involved in oxylipin biosynthesis were induced earlier and more strongly in the resistant CO433 inbred in comparison to CO354 after *F. verticillioides* inoculation \[[@CR60]\]. In the susceptible line, a gene coding for 22 kDa *HSP*, involved in protein folding and stabilization, was specifically induced after inoculation \[[@CR34]\]. Similar results were observed in several susceptible and resistant maize inbreds after *F. verticillioides* and *A. flavus* inoculation \[[@CR61], [@CR62]\]. The candidate genes in the region harboring the qFER-2.4 and qFB1-2 QTLs should be considered for further breeding studies which aim at developing highly resistant hybrids to multiple fungal pathogens, due to the proximity with QTLs for *F. graminearum* resistance \[[@CR38]--[@CR40]\].

In the larger genomic region containing qFER-7 and qFB1-7.1 and −7.2 QTLs, several HSPs, constitutively expressed level or modulated after inoculation, could be considered as candidates for resistance. Among transcription factors, WRKY74 was *F. verticillioides* responsive in both genotypes. Numerous members of the WRKY family are associated to the plant immune response, starting the transcription of pathogenesis related genes \[[@CR63], [@CR64]\]. Several members of AP2/ERF transcription factor superfamily mapped in this region and they are known to be induced by biotic and abiotic stresses and bind to the promoter regions of stress responsive genes, including defense-related genes, pathogenesis-related (PR) genes, osmotin, chitinase and β-1,3-glucanase \[[@CR65]\]. The S-adenosylmethionine decarboxylase, a key enzyme for the synthesis of the polyamines, is involved in pathogen response \[[@CR66]\] and it was strongly up-regulated in the CO441 genotype \[[@CR34]\]. A higher constitutive expression in the resistant genotype of a carbohydrate transmembrane transporter, in comparison to CO354, might confirm the role of sucrose in mounting the defense response in the resistant plant by avoiding its reallocation forced by pathogens \[[@CR67], [@CR68]\].

In general, the parental contribution to a QTL reflected the expression levels of the harbored candidate genes, although exceptions were found. The expression values of the candidate genes in parents both before and after inoculation are provided as fragments per kilobase of transcript per million fragments mapped (FPKM) in E-H columns of Additional file [7](#MOESM7){ref-type="media"}: Table S5. For example, the resistant parent contributed to qFER-2.4 and qFB1-2 QTLs and among the 10 DEGs within the QTL interval, three candidate genes (including *YPTM1*) showed significantly higher constitutive expression in the resistant line in comparison to the susceptible one. *LOX8* was induced in both genotypes after inoculation with a greater fold change in the resistant line and two other genes were modulated after inoculation only in the resistant line (Additional file [7](#MOESM7){ref-type="media"}: Table S5). Moreover, the defense mechanism may be identified in some cases as the down-regulation upon inoculation of the genes involved in susceptibility rather than the up-regulation of resistance genes. An example is given in qFER-2.4 and qFB1-2 QTLs by a 22.0 kDa *HSP* (GRMZM2G331701), which did not change after inoculation in the resistant line, contributing with beneficial allele to resistance, but it was significantly up-regulated in the susceptible line (Additional file [7](#MOESM7){ref-type="media"}: Table S5). Smaller map intervals will allow a more precise identification of the genes involved in resistance and resolve the cases in which the parental contribution with beneficial alleles do not correspond to the observed gene expression levels.

Finally, a genome-wide association study identified a FER-associated SNP within the intron region of GRMZM2G178880, positioned at 0.7 Mb from the cofactor marker associated to qFER-9.4/qFB1-9.4 \[[@CR29]\]. This gene, coding for a cellulose synthase-like family A protein, was not differentially expressed at 72 h post inoculation between the CO354 and CO441 parents \[[@CR34]\] and, due to the intronic position of the polymorphism, it is more likely that it is in linkage with the causal variant and not the causal variant itself \[[@CR29]\]. The 1-LOD interval of qFER-9.4/qFB1-9.4 harbors 33 DEGs, which could be considered candidate genes for resistance (Additional file [7](#MOESM7){ref-type="media"}: Table S5). In particular, the vicilin-like antimicrobial peptides 2--3 (AMP2-3, GRMZM2G078441) was induced after inoculation in the CO441 line reaching extremely high expression levels (FPKM = 616.42). Moreover, the FER-associated SNP was distant less than 4 Mb from the 1-LOD interval of the qFER-9.3/qFB1-9.3 QTLs, which included numerous stress-related proteins, as APX (GRMZM2G054187 and GRMZM2G054300), the *IN2-1* protein (GRMZM2G162486) and *HSP*s (GRMZM2G366532, GRMZM2G324499 and GRMZM2G024718) (Additional file [7](#MOESM7){ref-type="media"}: Table S5). Therefore these adjacent genomic regions on LG 9 could represent interesting sources of allelic variation for FER and FB1 contamination resistance in maize.

Conclusions {#Sec13}
===========

SSR markers and GBS were applied in this study in order to identify QTLs associated to FER and FB1 contamination in a biparental mapping population. As well as mapping small effect QTLs for individual traits, we were able to uncover QTLs in common between FER and FB1 resistance traits making possible the selection of maize genotypes showing both low disease severity and low fumonisin contamination. Noteworthy are the overlapping qFER-2.4 and qFB1-2 QTLs, carried by the CO441 parent, which could find a direct application in maize breeding programs focused on improvement of *F. verticillioides* resistance, since this line is an agronomically performing inbred. The QTLs detected in this study were in some cases located close to QTLs for resistance to other mycotoxigenic fungi, suggesting their use for selection of lines resistant to multiple ear rots. Finally, candidate genes for resistance to *F. verticillioides* were identified combining previous transcriptomic data with QTL mapping, providing a set of genes that could be further studied to evaluate their usefulness in MAS.

Methods {#Sec14}
=======

Plant material {#Sec15}
--------------

Two maize genotypes with contrasting phenotypes for resistance to FER were used: the resistant line CO441 and the susceptible line CO354 \[[@CR13], [@CR31], [@CR32]\]. Both lines were obtained by the Eastern Cereal and Oilseed Research Centre, Agriculture and Agri-Food Canada (Ottawa, Canada) and were maintained by sibling at the Department of Sustainable Crop Production in Piacenza (Italy).

A segregating population was generated from the cross CO441xCO354. Resistant inbred CO441 (♀) was crossed once to the susceptible inbred CO354 (♂) to produce F~1~ seed. A population of 188 F~3~ families was developed by self-pollinating the F~1~ and F~2~ progenies. In 2011 and 2012, F~3~ families and parents were grown in Settala, Milan, Italy, in a randomized complete block design. Two sowing dates were used in each year: April 20^th^ and May 11^th^ 2011, April 28^th^ and May 11^th^ 2012. The early sowing trial is referred to as "A" and the late one as "B". The experimental unit was the family.

Plots consisted of 25 plants planted into 3 m rows spaced 80 cm apart. Plots were hand-thinned to leave one plant every 20 cm and standard cultural practices were followed. Ten plants for each plot were hand self-pollinated and inoculated with *F. verticillioides* and the remaining plants were allowed to open-pollinate and used as controls for the natural infection evaluation.

Mid-silk dates (day from the sowing date when 50% plants in a plot showed emerged silks) were recorded and referred as "day to silking" (DTS). Flowering occurred in the period from June 24^th^ to July 07^th^ for 2011A, from July 09^th^ to 25^th^ for 2011B, from June 28^th^ to July 12^th^ for 2012A and from July 04^th^ to 20^th^ for 2012B.

Weather conditions, including rain (mm), maximum and minimum temperatures (°C) and relative humidity (%), were recorded daily in the period occurring from flowering to harvest of both 2011 and 2012 by a weather station placed in Rodano (MI), 5 km from the testing fields.

Inoculum and mycelium production {#Sec16}
--------------------------------

*F. verticillioides* ITEM 294, a prolific producer of fumonisins, was used for kernel inoculations. The strain was obtained from the Institute of Sciences and Food Production, National Research Council, Bari, Italy. Cultures were maintained on Petri dishes (90 mm diameter) in Potato Dextrose Agar (PDA) and incubated at 25 °C with a 12 h photoperiod in the dark for 14 days.

For the side-needle inoculation method (F), conidia were collected by rinsing cultures with sterile water, scraping the agar surface with a scalpel and filtering the conidia suspension through sterile cloth. Spore suspension was adjusted to a final concentration of 3.5 × 10^6^ conidia/ml based on microscopic counts using a Bürker chamber.

For the toothpick inoculation method (T), doubled sterilized toothpicks were radially disposed on Petri dishes containing PDA and a tassel of the fungal inoculum was placed in the centre of the plate. Cultures were incubated at 25 °C for 14 days in the dark, in order to let the mycelium grow and cover the toothpicks.

Inoculation and disease severity screening {#Sec17}
------------------------------------------

Kernel resistance to FER was evaluated for the parents and for 188 F~3~ families in field trials. Inoculations with *F. verticillioides* were performed 15 days after pollination (DAP). For each plot, 5 ears were inoculated using the toothpick method (T), 5 ears using side-needle method (F) and 5 ears were non-inoculated and taken as controls for evaluating natural infection levels. For statistical analysis, ears inoculated with the same method were considered as replicates.

The side-needle inoculation device consists of three 250 mm-long needles mounted on a plastic handle. Pins were dipped in conidial suspensions of 3.5 × 10^6^ microconidia/ml and the tool was pressed through the husks sideways and into the center of the ear, penetrating the kernels to a depth of 5--10 mm. In the same way, toothpicks covered by mycelium were inserted for few seconds in the middle of the ear through the husks.

Disease severity was evaluated at maturity on hand-harvested and air-dried ears. Ear harvest was performed for both early and late sowing on September 15^th^ 2011 and September 11^th^ 2012.

Ear rot severity was evaluated visually based on a rating scale from 1 to 7, where 1 = no infection symptoms, 2 = 1--3%, 3 = 4--10%, 4 = 11--25%, 5 = 26--50%, 6 = 51--75% and 7 = 76--100% of the ear infected, respectively \[[@CR69]\] (Additional file [8](#MOESM8){ref-type="media"}: Figure S3). The disease score of a particular plot, infected with F and T, was determined by averaging the scores of the five inoculated ears with either method. In the rating, ear rot severity under natural field condition was taken into account and subtracted from ear rot severity under inoculation.

FB1 contents were determined for each plot for both inoculation methods by Near-Infrared Spectroscopy (NIRS) \[[@CR70]\]. Random 150--200 kernels belonging to five replicates were ground with a laboratory mill (Cyclotec^TM^ 1093 Sample Mill, FOSS) using a 1 mm mesh. Special attention was taken in the milling procedure in avoiding cross-contamination of different disease level kernels. Two subsamples of ground grains of nearly 4 g were measured for each plot using a model 6500 spectrometer (FOSS NIRSystems, Inc., Silver Spring, MD). FB1 content for a particular plot was determined by averaging the results from two subsamples that were treated as (technical) replicates. NIRS measurements were performed at CREA-MAC, Unità di ricerca per la maiscoltura (Bergamo, Italy) and processed according to the calibration equation developed in \[[@CR70]\]. Values of FB1 given in the text are expressed in ppm (mg/kg).

Phenotypic data analyses {#Sec18}
------------------------

Statistical analyses were performed using IBM SPSS statistic version 20. Tests of normality of the frequency distributions for FER and FB1 resistance and DTS traits were calculated by Shapiro-Wilk test. Significance of the differences between mean-rank values of FER, FB1 and DTS in the different sowing dates, inoculation techniques and years, were calculated through the nonparametric Friedman test (*P \<* 0.05), followed by the post hoc Wilkoxon signed-rank tests (*P \<* 0.05) with Bonferroni correction for multiple comparisons. Significance of correlations between traits was evaluated by calculating Pearson's correlation coefficients.

Flowering period considered the days comprised between the first and last mid-silking day within each sowing time. The following period considered the days post-inoculation until harvest within each sowing time. Daily values for maximum and minimum temperatures, maximum and minimum relative humidity and rainfall corresponding to 2011 and 2012 and secondly relative to flowering and post-inoculation period in 2011A, 2011B, 2012A and 2012B were compared through rank-based nonparametric Kruskal-Wallis H test (*P \<* 0.05) with Bonferroni correction for multiple comparisons.

Molecular markers and population genotyping {#Sec19}
-------------------------------------------

In order to build a linkage map of the CO441xCO354 cross, we first built a framework map on the F~2~ progeny using published SSR markers. To further enrich the map in molecular markers, we decided to use the GBS approach \[[@CR22]\]. Lyophilization and long storage of plant materials yielded DNA that was not appropriate for GBS, for which DNA integrity is essential. Because of the impossibility of using F~2~ leaves, we reconstructed the genotype of F~2~ individuals by pooling of 15--20 plants for each F~3~ progeny. In order to make sure that they adequately represented the genotype of the corresponding F~2~ plants, the F~3~ DNA pools were initially genotyped with 3 SSR markers (dupssr13, phi116, umc2118) and results were compared to SSR genotyping data previously obtained on the original F~2~ individuals (see below). In case of discrepancy between the two generations, a new F~3~ pool was constructed starting from independent F~3~ individuals or the relevant F~2~/F~3~ was excluded from map construction. A similar approach was used for the bulked segregants analysis \[[@CR71]\] and was already successfully applied \[[@CR72]\]. Therefore, the two maps were constructed on two consecutive generations. Using stringent criteria to retain only markers with consistent segregation, an integrated map was finally obtained based on 149 genotypes (see below).

SSR genotyping {#Sec20}
--------------

A total of 369 SSR primer pairs were selected according to their chromosomal positions on the reference map provided by Maize Genetics and Genomics Database ([http://www.maizegdb.org](http://www.maizegdb.org/)) (Additional file [4](#MOESM4){ref-type="media"}: Table S3). Initially, these markers were screened on the two parents in order to identify polymorphisms. Polymerase Chain Reaction (PCR) products were separated by electrophoresis in 4% (w/v) agarose gels with the addition of 10,000X Sybr® Safe DNA Gel Stain (Invitrogen^TM^) and visualized at ultraviolet light.

DNA for SSR genotyping was obtained from young leaf samples of 157 F~2~ individuals and parent plants grown in the field at Settala, Milan, Italy. Leaves were harvested, freeze-dried, lyophilized and ground to fine powder. DNA extraction was performed from the powdered leaf material with DNeasy Plant Mini Kit system following the manufacturer's instructions (Qiagen, Inc., Valencia, CA). Genotyping of F~2~ progenies and parents was performed at Parco Tecnologico Padano, Lodi, Italy, through indirect labeling \[[@CR73]\]. Labeling was repeated for each SSR marker with two different fluorescent dyes (FAM and VIC, Applied Biosystems). The 10 μl reaction mixture contained 2 ng of genomic DNA, 40 nM of each PCR primer, PCR Buffer 1X (200 mM Tris-Cl, 500 mM KCl), 50 mM MgCl~2~, 10 mM dNTPs, 100 nM of labeled primer, TaqDNA polymerase 5U/μl (Promega, Madison, USA) and water to volume. Conditions of the PCR amplification are as follows: 94 °C × 5 min, 30 cycles × (94 °C × 30 s/56 °C × 45 s/72 °C × 45 s), 8 cycles × (94 °C × 30 s/53 °C × 45 s/72 °C × 45 s), 72 °C × 8 min. PCR products ran on the ABI 3730 Prism Genetic Analyzer (Applied Biosystems/Applera, Darmstadt, Germany) and data were analyzed by SoftGenetics's Gene Marker (1.97 version). Filtering for markers with less than 30% missing data resulted in a SSR dataset including 95 markers.

Genotyping-by-sequencing {#Sec21}
------------------------

Genomic DNA was extracted from fresh leaves using a NucleoSpin Plant II kit (Macherey-Nagel, Germany) following the manufacturer's instructions. The DNA quantification was performed using PicoGreen (Invitrogen, Carlsbad, CA) and normalized to 10 μL of 10 ng/μL (100 ng total) in 96 well plates. The protocol \[[@CR22]\] was followed to construct two libraries, containing 94 and 63 progenies, respectively plus the two parental lines (i.e., a total of 96 and 65 samples per library), for sequencing on Illumina HiSeq2000 platform (Illumina Inc., San Diego, CA). Each pool was run on a single flow cell lane using a 100 bp paired-end module on Illumina HiSeq2000 instrument at Parco Tecnologico Padano, Lodi, Italy.

Raw 100 bp reads from the two Illumina HiSeq lanes were processed with FastQC to check the overall quality of the sequence data. The reads were processed with a custom demultiplexer to remove the barcode adapters and assign each read to the corresponding sample. Next, the raw sequencing data for each sample were processed with Trimmomatic \[[@CR74]\] to remove low quality bases and sequencing adapters, using the parameters ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:36. The filtered reads were mapped with BWA MEM \[[@CR75]\] on the *Zea mays* genome (AGP v3.20) downloaded from Ensembl database and the resulting BAM files were sorted and indexed using SamTools v.0.1.19 \[[@CR76]\]. The sorted BAM files were processed with Freebayes v9.9.2 \[[@CR77]\], using parameters -m 30 -q 20 -R 0 -S 0, to perform the variation calling across all the samples. Filtering was applied to exclude INDELs and retain only SNPs that show polymorphism between the parental lines and missing data below 30%. SNP name were abbreviated with the chromosome number followed by the physical position on the reference genome (AGP v3.20).

Genetic linkage map construction and QTL analysis {#Sec22}
-------------------------------------------------

Genetic linkage map construction was based on a dataset of 149 genotypes (95 SSR markers and 1,700 SNPs), excluding genotypes missing \>30% marker data. For each marker, the alleles of the CO354 and CO441 parents were encoded as A and B, respectively, in the data matrix used for linkage map construction and QTL analysis. Map construction was performed using the regression mapping algorithm of JoinMap 4.1 \[[@CR78]\], using linkages with a recombination frequency smaller than 0.5 and a LOD larger than 0 and keeping other default settings. The recombination frequencies were transformed into genetic distances in centiMorgans (cM) through the Kosambi's mapping function. The map was constructed including also markers exhibiting segregation distortion, but excluding markers mapping in incoherent positions in comparison with the reference genome. Finally, 342 SNPs and 41 SSRs were clustered into ten LGs.

QTL analysis was performed using the MAPQTL 6.0 software \[[@CR79]\] for each phenotypic dataset (i.e., trait in 1 year, sowing time and inoculation technique). Following a permutation test for each trait (number of permutation fixed as 1,000), genome-wide LOD scores corresponding to *P* = 0.05 were considered as significance thresholds for the detected QTLs. According to this criterion, the estimated LOD threshold value of FER trait was 4.3 for 2012B_F, 4.1 for 2011A-B_F and 2012A\_ F and 4.2 in the other cases. The genome-wide significance threshold for FB1 contamination trait was set to 4.1 for 2011A_T, 2011B_F-T, 2012A_F, to 4.2 for 2011A_F, 2012B\_ T-F and to 3.9 for 2012A_T. The estimated LOD significance threshold for DTS was 4.2 in the year 2012, 4.1 in 2011A and 4.3 in 2011B. In a first analysis the Interval Mapping approach was used to estimate the QTL genomic interval and its contribution to the phenotypic variance. In order to detect which markers are significantly associated with QTLs and candidate as co-factors, the Automatic Cofactor Selection (ACS) was used. Multiple-QTL Mapping (MQM) was carried out in order to resolve the occurrence of multiple QTLs in the same LG. When a QTL associated with an ACS-validated cofactor marker showed a LOD lower than the significance threshold determined by the permutation test, this QTL was anyhow considered "significant" if (a) another significant QTL was determined in the same position for the corresponding phenotypic trait in another year, sowing time or inoculation technique and (b) the difference with LOD threshold was \<0.5. Additive and dominance effects were calculated at the cofactor position by MapQTL, according to the formula (mu_A-mu_B)/2 and mu_H-\[(mu_A + mu_B)/2\], respectively, where: mu_A, mu_B and mu_H are the estimated mean of the distribution of the quantitative trait associated with the "A" genotype (CO354), "B" genotype (CO441) and "h" genotype, respectively. The maps of QTL positions, showing 1- and 2-LOD confidence intervals, were drawn using MapChart 2.1 software \[[@CR80]\].

The overlapping of the 2-LOD confidence intervals within the same trait QTLs defined the new integrated limits of the QTL, thereafter referred to as the "integrated QTL". QTL nomenclature for the integrated QTLs modified rules proposed in \[[@CR81]\] and each QTL was designated with the code "qTc-LG.1", where: q = quantitative trait; Tc = trait code (FER/FB1/DTS); LG = linkage group number; 1 = first chronological QTL for this trait reported on this LG, when more QTLs were detected in the same LG for the same trait.

Source of candidate genes {#Sec23}
-------------------------

The 1-LOD and 2-LOD confidence limits of the integrated QTLs overlapping for FER and FB1 contamination traits were considered for the search of candidate genes. The physical coordinates of the integrated interval limits were determined on the *Zea mays* genome (AGP v3.20; <http://www.maizesequence.org/>). Genomic positions of the integrated QTLs were compared with a list of DEGs between CO441 and CO354, derived from a previous RNA-Seq analysis of the maize ears at 72 h post *F. verticillioides* inoculation \[[@CR34]\]. Gene annotation and functional categories were exported from Blast2GO \[[@CR34]\].

Additional files {#Sec24}
================

Additional file 1:**Figure S1.** Weekly means of A) temperature, B) relative humidity and C) weekly sums of rain precipitation in years 2011 and 2012. First week corresponds to the first 7 days of flowering in the early sowing of both 2011 and 2012. Last week corresponds to the week of the harvest day for both 2011 and 2012, in the early and late sowings. (PPTX 72 kb) Additional file 2:**Table S1.** Parent (CO441 and CO354) and F~3~ population mean values (± standard deviation, SD), F~3~ population range, median and mean-ranks for *Fusarium* ear rot severity (FER), fumonisin B1 (FB1) contamination and days to silking (DTS). Data are referred to early sowing (A) and late sowing (B) in 2011 and 2012, with side-needle (F) and toothpick (T) inoculation methods. (XLSX 13 kb) Additional file 3:**Table S2.** Pearson's correlation coefficients between days to silking (DTS), *Fusarium* ear rot severity (FER) and fumonisin B1 concentration (FB1) of F~3~ families, measured with two inoculation methods (F = side-needle and T = toothpick), in early (A) and late (B) sowings of 2011 and 2012. (XLSX 10 kb) Additional file 4:**Table S3.** List of the 369 markers screened for polymorphism in the CO441 and CO354 parents and their use in map construction and QTL analysis. (XLSX 22 kb) Additional file 5:**Table S4.** Distribution of mapped SSR and SNP markers per linkage group (LG) on the reference genome Zea_mays.AGPv3.20.dna.genome.fa.gz (<ftp://ftp.ensemblgenomes.org/pub/release-21/plants/fasta/zea_mays/dna/>), total number of markers, average density and total genetic distance per LG. (XLSX 11 kb) Additional file 6:**Figure S2.** QTLs for *Fusarium* ear rot (FER), fumonisin B1 contamination (FB1) and days to silking (DTS). Marker names are listed on the right side of each LG and the corresponding genetic distances (in centiMorgan) on the left side. QTLs are drawn at the right of each LG and are represented as central bars indicating the 1-LOD confidence interval and external thin lines indicating the 2-LOD confidence interval. QTLs are identified by the trait code, followed by the year (2011/2012), the sowing time (A/B) and the inoculation technique (F/T) for which the QTL was detected. QTLs for FER are reported with *red bars*, FB1 in *black* and DTS in *green*. (PPTX 152 kb) Additional file 7:**Table S5.** List of candidate genes for *Fusarium verticillioides* resistance in the 1-LOD and 2-LOD confidence interval in the genomic regions containing QTLs for FER and FB1 contamination. (XLSX 100 kb) Additional file 8:**Figure S3.** Rating scale of *Fusarium* ear rot severity on the *F. verticillioides* inoculated maize ears. (PPTX 1340 kb)
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